We report that neutral hydrogen (H i) gas clouds, resembling High Velocity Clouds (HVCs) observed in the Milky Way (MW), appear in MW sized disk galaxies formed in high resolution Cold Dark Matter (CDM) cosmological simulations which self-consistently include gas-dynamics, radiative cooling, star formation, supernova feedback, and metal enrichment. Two disk galaxies found in cosmological simulations are analyzed, and H i column density and velocity distributions in full-sky aitoff projections are constructed. The simulations demonstrate that CDM is able to create galaxies with sufficient quantities of HVCs to explain the HVCs observed within the MW, and that they are found within a galactocentric radius of 150 kpc. We also find that one of the galaxies has an outer gas ring in polar orbit, i.e. a polar gas ring, with radius 30 kpc, which appears as a large structure of HVCs in the aitoff projection. Such large structures may share an origin similar to large HVCs observed in the MW, such as Complex C.
INTRODUCTION
High Velocity Clouds (HVCs) are neutral hydrogen (H i) gas clouds, whose velocities are not consistent with galactic rotation, based on their velocities relative to the Local Standard of Rest (LSR; Wakker & van Woerden 1997) . From our vantage point within the Galaxy, they appear to cover a large portion of the sky relatively isotropically. HVCs are not associated with stars (e.g. Siegel et al. 2005) , and hence their distances from the Sun (and masses) are generally unknown. Direct distance constraints (upper and/or lower limits) have only been made for a select number of HVCs (van Woerden et al. 2000 ; Thom et al. 2005) . There are still open questions as to whether HVCs are generally local to the Milky Way (MW) or distributed throughout the Local Group (LG); whether they are peculiar to the MW or are common in disk galaxies; whether they are gravitationally bound or pressure confined; whether they contain dark matter, or how metal enriched they are.
Recently, Pisano et al. (2004) report that there are no HVC like objects with H i mass higher than 4 × 10 5 M ⊙ in three extra-galactic groups similar in size to the LG. They suggest that if HVCs are a generic feature, this limit implies that any HVCs are clustered within 160 kpc of the host galaxy, ruling out the original Blitz et al. (1999) model in which HVCs are gas clouds distributed throughout the filaments outside of the LG, being accreted, i.e. with distances of 1 Mpc. Westmeier et al. (2005) find 16 HVCs around M31, with H i masses ranging from 10 4 to 6 × 10 5 M ⊙ . Most of the HVCs are at a projected distance of less than 15 kpc from the disk of M31. Some clouds appear to be gravitationally domi-nated by either dark matter (DM) or as yet undetected ionized gas. They also found two populations of clouds, with some of the HVCs appearing to be part of a tidal stream, and others appearing to be primordial DM dominated clouds, left over from the formation of the galaxies in the LG.
In this Letter, we report that these mysterious H i clouds also appear in MW size disk galaxies formed in Cold Dark Matter (CDM) cosmological simulations. We demonstrate that the simulated galaxies show HVCs comparable in population to the observed ones. We also find that large HVCs, resembling Complex C, appear in simulated galaxies. Therefore, we conclude that HVCs appear to be a natural byproduct of galaxy formation in the CDM universe. The next section describes our methodology, including a brief description of the simulations and how we "observe" the simulated disk galaxies. In Section 3, we show our results and discuss our findings.
METHODOLOGY
We analyze two disk galaxy models found in cosmological simulations that use the multi-mass technique to self-consistently model the large-scale tidal field, while simulating the galactic disk at high resolution. These simulations include self-consistently, almost all the important physical processes in galaxy formation, such as self-gravity, hydrodynamics, radiative cooling, star formation, supernova feedback, and metal enrichment. The disk galaxies we analyze correspond to "KGCD" and "AGCD" in Bailin et al. (2005) , and we use these names hereafter. Both simulations are carried out with our original galactic chemo-dynamics code, GCD+ (Kawata & Gibson 2003) .
The details of these simulated galaxies are given in Bailin et al. (2005) . Table 1 summarizes the simulation parameters and the properties of the galaxies. Column 1 contains the name of the galaxy; Column 2 is the virial mass of the galaxy; Column 3 is the virial radius; and Column 4 is the radial extent of the gas disk, defined as the largest radius at which we find gas particles in the disk plane. Columns 5 and 6 contain the mass of each gas and DM particle in the highest resolution region, and Columns 7 and 8 are the softening lengths in that region. The cosmological parameters are presented in Columns 9, 10 and 11.
Both galaxies are similar in size and mass to the MW, and have clear gas and stellar disk components. Figure 1 shows both edge-on and face-on views of the projected gas density of each galaxy at the final timestep. We use the simulation output at z = 0.1 for KGCD, as contamination from low-resolution particles in the simulated galaxy start to become significant at this redshift. However, we use the output at z = 0 for AGCD.
In order to compare the simulations with the HVC observations in the MW, we set the position of the "observer" to an arbitrary position on the disk plane of the simulated galaxies, with galactocentric distance of 8.5 kpc, and "observe" the H i column density and velocity of the gas particles from that position. Figure 2 demonstrates the H i column density of HVCs using fullsky aitoff projections. Here, we define HVCs as consisting of gas particles with line-of-sight velocity, v LSR , deviating from the local standard of the rest (LSR), by greater than 100 km s −1 , i.e. |v LSR | > 100 km s −1 . Therefore, Figure 2 shows the H i column density of the gas particles with |v LSR | > 100 km s −1 . We set the rotation velocity of the LSR to 220 km s −1 , and hence this definition for HVCs is identical to the definition adopted for the HVCs within the MW in Lockman et al. (2002) . We have confirmed that both simulated galaxies have a rotation velocity of the gas disk close to 220 km s −1 . In this paper, results are based only on those particles within two virial radii (r vir ; see Table 1 ). We have also confirmed that the results are not sensitive to the cutoff radius chosen above a column density of 10 17 cm −2 . We only display results for one chosen observer, however we have confirmed the generality of these results, with the sky coverage fraction typically changing by no more than 20% for a given column density.
Our chemo-dynamical simulation follows the hydrogen abundance for each gas particle, but does not calculate the ionization fraction of each species. Thus, the H i mass for each gas particle is calculated assuming collisional ionization equilibrium (CIE). The CIE neutral hydrogen fraction is estimated using Cloudy94 (Ferland et al. 1998) . We multiply the fraction by the hydrogen abundance, and obtain a H i mass fraction for each particle, taking into account its temperature. We ignore any effect from the background radiation for simplicity. Thus, our estimated H i column density should be interpreted as an upper limit. Figure 2 demonstrates that both galaxies have a significant amount of HVCs, and their column densities are comparable to observed HVCs found in . KGCD displays some large linear HVCs at galactic longitudes of l ∼ 60 • and l ∼ 270 • . These components correspond to the outer ring structure which is seen at a galactocentric radius of ∼ 30 kpc in Figure 1 . We name this structure the "polar gas ring", and discuss this later.
RESULTS AND DISCUSSION
To compare the HVC population of our simulations with the MW HVCs quantitatively, Figure 3 shows the fraction of sky covered by HVCs as a function of limiting column density for both simulations and for the observations in Lockman et al. (2002) . In this plot, we exclude the area with low galactic latitude |b| < 20 • , to avoid contamination by the disk component (The sample of sightlines in Lockman et al. 2002 was limited in a similar fashion). As is obvious from Figure 2 , KGCD has more high column density HVCs than AGCD, and almost all of the sky is covered down to 10 16 cm −2 . At a fixed column density, the sky coverage in the simulations bracket the observed sky coverage in the MW. Note that we ignore any effects of a background radiation, and our estimates would hence give upper limits. It is expected that such background radiation would decrease the population of the HVCs with HI column density below ∼ 10 19 cm −2 (Maloney 1993) . Thus, KGCD has a sufficient population of HVCs to explain the observed populations of HVCs within the MW. We conclude that current cosmological simulations can produce MW-size disk galaxies with similar populations of HVCs to those in the MW. The differences between KGCD and AGCD may demonstrate differences in the populations of HVCs among disk galaxies. However, to understand the causes of such differences, we need a larger sample of high-resolution simulated disk galaxies, which require more computational resources. This will be the subject of a future study. Figure 4 shows the velocity map of the simulated HVCs, demonstrating that they roughly reproduce the observed velocity trend. The clouds between l = 0 • and 
KGCD 8.8 × 10 11 240 10 9.2 × 10 5 6.2 × 10 6 0.57 1.1 0.3 0.7 0.039 AGCD 9.3 × 10 11 270 21 3.3 × 10 6 1.9 × 10 7 0.87 1.5 0.3 0.65 0.045 180 • have a negative velocity, while the clouds between l = 180 • and 360 • have a positive velocity. This is natural, since the LSR is moving towards l = 90 • .
We find that velocities of the simulated HVCs in both galaxies are distributed very similarly to those of the MW observed by Putman et al. (2002) . In KGCD, we also find that there is a relatively large HVC complex whose velocity is very high, −450 v LSR −300 km s −1 . The very high velocity clouds (VHVCs) are located with latitude and longitude between −45 • b 15 • and 60 • l 120 • , in the top panel of Figure 4 .
The MW also has such VHVCs in the Anti-Center complex (Hulsbosch 1978; Hulsbosch & Wakker 1988) . We find that the galactocentric distance to the VHVC in the simulated galaxy is ∼ 10 -25 kpc, and that the cloud is a gas clump which has recently fallen into the galaxy. We convert the H i mass for each particle into a H i flux using ) M HI = 0.235D 2 kpc S tot , where M HI is in M ⊙ , and S tot is in Jy km s −1 . We find the total H i flux of the cloud (for the chosen observer) is 1.2 × 10 8 Jy km s −1 , and the H i mass is 2.4 × 10 6 M ⊙ . Since it is infalling on a retrograde orbit, its velocity relative to the LSR becomes very large depending on its location relative to the observer. Therefore, the observed VHVCs may be explained by such infalling gas clumps within the Galaxy. It is also worth noting that we do not find any associated stellar or DM components in the simulated VHVCs.
In the simulations, we are able to measure the distance of HVCs -data which is not yet available for the real MW. In Figure 5 , we show a flux weighted histogram of the galactocentric distances, r MW , of the high velocity gas particles with |b| > 20 • . The figure indicates that almost all of the HVCs seen in Figure 2 are found within 150 kpc. This is consistent with the limits established by Pisano et al. (2004) on the distances extragalactic HVC analogs could lie from their parent galaxy.
It is also clear that most of the emission in the KGCD simulation results from the polar gas ring, whose radius is ∼ 30 kpc. The mass of this ring (including low velocity gas) is 3.6 × 10 9 M ⊙ , of which 2.3 × 10 9 M ⊙ is H i. Although there is no prominent polar ring in AGCD, at larger distances, the flux distribution is found to follow that of the KGCD simulation. Figure 2 demonstrates that the polar gas ring forms a linear high velocity structure found in all quadrants of the sky. Large HVC components, such as Complex C and the Magellanic Stream, are well known in our MW, and several authors (e.g. Haud 1988 ) argue that the MW is surrounded by a polar gas ring. Neglecting the Magellanic Stream, which has likely originated from the infalling Magellanic clouds (Gardiner & Noguchi 1996; Yoshizawa & Noguchi 2003; Connors et al. 2005) , the biggest HVC structure is Complex C. We measure the mass of the HVC ring in one quadrant as ∼ 4 × 10 8 M ⊙ . If we place Complex C at a galactocentric distance of 30 kpc (only a lower limit has been obtained for its galactocentric distance of 8.8 kpc; Woerden et al. 1999) , its mass would be ∼ 1.5 × 10 7 M ⊙ . Again, note that the mass estimate for our ring structure gives an upper limit. Nevertheless, this indicates that there is enough H i gas to create such large observed HVCs in the simulated galaxy. In KGCD, the polar gas ring is a relatively recently formed structure that begins forming at redshift z ∼ 0.2, and prior to this time, the associated gas particles are found flowing inward along filamentary struc- tures. Thus, this simulated ring structure demonstrates that current CDM numerical simulations can explain the existence of such large HVCs like Complex C, as recently accreted gas which rotates in a near-polar orbit. On the other hand, AGCD does not show such a prominent large structure. This may indicate that such HVC structures are not common in all disk galaxies. Although this study focuses on only two simulated galaxies due to the limit of our computational resources, more samples of highresolution simulated galaxies would be able to help us understand how common such large structures are, and what kind of evolution history is required to make such HVCs.
We also analyze the metallicity of the simulated HVCs. In KGCD, we find that the prominent HVCs have H i flux weighted metallicities of −4 log(Z/ Z ⊙ ) −2 with a flux weighted mean of log(Z/ Z ⊙ ) ∼ −2.4. This is much lower than the metallicities of the observed HVCs in the MW, −1 < log(Z/Z⊙) < 0 . The polar gas ring seen in KGCD has a metallicity of −3 log(Z/Z⊙) 0.5 with a mean of log(Z/ Z ⊙ ) ∼ −1.7, which is smaller than the observed metallicity of Complex C, log(Z/Z⊙) ∼ −1 (e.g. Gibson et al. 2001; Richter et al. 2001) . Thus, our numerical simulations seem to underestimate the metallicity of the later infalling gas clouds. This is likely because we adopt a weak supernova feedback model in our simulations. If we use a model with strong feedback, more enriched gas is blown out from the system at high redshift, which can enrich the inter-galactic medium which then falls into galaxies at a later epoch.
The majority of the simulated HVCs, including the polar gas ring, do not have any obviously associated stellar or DM components, which is consistent with current observations (Siegel et al. 2005 ). However, a few compact HVCs are found to be associated with stellar components. It would be interesting to estimate how bright they are, and if they are detectable within the current observational limits. Unfortunately, the resolution of the current simulations are too poor to estimate the luminosity, and it is also likely that our simulations produce too many stars due to our assumed minimum effect of supernova feedback.
We report that HVCs seem to be a natural occurrence in a CDM universe. We emphasize that the galaxies that result from our simulations were not created specifically to reproduce the MW exactly -they were selected for resimulation at higher resolution on the basis of being disk-like L ⋆ galaxies. However, we have serendipitously discovered that simulated galaxies that are similar in size to the MW naturally contain H i gas in the vicinity of the disk that are similar to the anomalous velocity features seen in the MW.
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